Experimental circular dichroic (CD) spectra of three proteins have been combined with estimates of the content of peptide-chain structural modes obtained from x-ray diffraction studies of the same proteins. Solution of the simultaneous equations at a series of wavelengths permits the construction of a CD spectrum for each of three structural modes: a-helix, j8-structure, and the so-called "random". The CD spectra thus obtained are compared with those obtained from polypeptide models. The a-helical spectra from the two approaches are nearly congruent, the 3-structure spectra are in fair agreement, and the third forms agree qualitatively, but are substantially different quantitatively. Comparisons are made between the present approach and earlier approaches to interpreting protein CD spectra. Certain advantages of the present approach are indicated.
In recent years, much use has been made of circular dichroism (CD) and optical rotatory dispersion (ORD) to investigate the modes of polypeptide-chain folding in proteins. Without exception, earlier investigators have used synthetic polypeptides to calibrate the parameters employed in interpreting the ORD and CD of proteins (1-6). The degree of success of these attempts has been judged by comparison of the content of structural modes obtained by CD and/or ORD with the content found from structural solutions from x-ray diffraction studies of individual proteins.
There are now several proteins for which the peptidechain structures are known from x-ray investigations. The structural content of these proteins can be linked with CD spectra for the same proteins in a set of simultaneous equations, whose solution yield the CD spectra of the structural modes as they are found in proteins. The same treatment can be applied to ORD data, although we have not done so here. We report the results of application of such a treatment to the x-ray structural and CD parameters of myoglobin, ribonuclease, and lysozyme. We have assumed that each of these three proteins contains only the structural modes commonly called "a-helix", ",8-structure (antiparallel)", and "random". The first two of these are obtained, not without uncertainties, from structural models derived from three-dimensional electron density maps constructed from single-crystal x-ray diffraction. The third, the so-called "random" structure, is surely not random in the usual structural sense of that word. It might better be called "without long-range order" or "remainder", since its fraction is defined as: third form = 1-(a + ().
To determine (for a given wavelength) the mean residue ellipticities of the a-helix, (-structure, and the remainder, we write the following set of independent equations.
[ [0] r, the intrinsic residue ellipticities of the three structural modes, at a number of wavelengths. When we plot these parameters against wavelength, we generate the CD spectra of the three structural modes as found in proteins. We used the data of Table 1 and Table 2 to evaluate the coefficients of these equations, and obtained the result shown in Fig. 1A .
The CD spectra obtained from three forms of poly(ilysine) (6) are shown in Fig. 1B for comparison. At first glance, the two sets of spectra appear quite similar for all the structural models. Even on closer examination the a-helix spectra are found to be quantitatively very similar, with the positioning of the extrema (at 191, 208 , and 217 nm) the same in both frames, and nearly identical amplitudes for all three extrema. The (3 spectra in the two frames are closely similar in position and amplitude of the positive dichroic band (around 195 nm). The negative band found by this method is of appreciably greater amplitude than that obtained from polylysine, and is located at significantly greater wavelength (220 nm as compared to 217 nm for polylysine).
The protein ( spectrum also shows a small positive peak at 235 nm, not observed in polylysine (. When the two spectra of the third forms are compared, the "remainder" spectrum derived from proteins is qualitatively similar to the "random" spectrum of polylysine, but the amplitudes are very different in both the positive and negative lobes of the spectra. The protein "remainder" has a minimum near 192-193 nm (compare with the polylysine minimum at 197 nm), while the maximum is located at 221 nm in the protein, as compared with 218 nm in the "random" polylysine.
To estimate the structural contents of unknown proteins from their CD spectra, we compute the CD spectra for a number of trial compositions and compare the computed spectra with the experimental spectrum. In two or three cycles of computation and comparison, an optimal fit (by The above data are taken from published dichroic spectra (6,7), which have been partially confirmed and extended by us, following procedures described elsewhere (21 The results of such an analysis of the CD spectra of carboxypeptidase A, a-chymotrypsin, and chymotrypsinogen are shown in Table 3 . We used CD data over the wavelength range 240-210 nm to ensure a generally high signal to noise ratio in the primary data (6, 21 ). The present method shows excellent agreement with the x-ray diffraction estimates for carboxypeptidase A, and fair agreement for a-chymotrypsin. Detailed x-ray structural information for chymotrypsinogen has not yet appeared. In this limited comparison, the present method gives agreement with (a). Our present experimental measurements of CD spectra are inadequate.
(b). The available estimates of structural modes in proteins from x-ray diffraction data are inadequate. Interpretation of x-ray data is limited both by experimental resolving power (the data isn't good enough) and by conceptual resolving power (we can't decide what to call a certain structure). It is the latter difficulty we meet when we encounter polypeptide backbones in an a-helix ending in a turn of 3io helix, or a short run of two antiparallel peptide chains with some, but not all, of the interchain hydrogenbonds formed, or two (only two) adjacent residues whose and angles are characteristic of an a-helix. It seems that the definitions of structural modes are not presently adequate for unambiguous interpretation of some components of protein structure.
(c). The assumption of three structural modes (and three components in the CD spectrum) is inadequate.
For the three calibrating proteins and carboxypeptidase, the foregoing difficulties do not appear to be substantial. For a-chymotrypsin, the agreement between structure estimates from diffraction and from our present CD analysis is only fair, and one or more of the above sources of error may be operative.
Why are the CD spectra obtained from the present analysis (Fig. 1A) in some respects dissimilar to those obtained from polylysine (Fig. 1B) ? The potential sources of error mentioned above are also relevant here. In addition, it appears probable that p-structure as found in polylysine (and we have rather little detailed structural information on the d-form of polylysine in solution) may have neither the same structure nor the same optical activity as the often twisted 0-conformations found in proteins. Likewise, the "remainder" collection of structures in proteins probably does not contain the same distribution of 0 and 4' dihedral angles (20) A, CD spectra of three polypeptide structural modes computed from x-ray diffraction structural data and experimental CD spectra of lysozyme, myoglobin, and ribonuclease. B, CD spectra of three polypeptide structural modes obtained experimentally for three structural forms of poly(ilysine) by Greenfield and Fasman(6) .
tures (21) . Other investigators have also questioned this identification (22, 23 (7) . No corrections for assumed scattering effects (12) have been made-though in the case of these small proteins, none would likely be required.
A more extensive evaluation of the present approach is clearly desirable, and is presently under way in these laboratories. We propose to test whether other sets of three proteins will give essentially the same CD spectra of the three structural modes as were obtained here from ribonuclease, lysozyme, and myoglobin. Evaluation of the uncertainties in the primary data, and of the propagation of errors, is also in order. The possibility of extracting information on the CD characteristics of other structural modes-3j0 helix and parallel pleated sheet (8) , for example-will also be explored. 
